The continuous rotating detonation engine (CRDE) exploits shock-induced combustion in which reactants are ingested and burned by detonation shock waves spinning in an annulus. The high pressure and temperature behind the shock prompt rapid combustion of the fuel. The advantage of using detonation is a gain in total pressure. While deflagration burning always decreases total pressure, detonation burning increases total pressure. This gain is due to the combined effect of the static pressure rise across the shock and the increased motion of fluid behind it, 'the blast wind'. The significance of total pressure increase is such that the CRDE itself serves as compressor stages, by converting a part of the chemical energy of the fuel directly to compression work. The CRDE acts a 'bladeless compressor', which could potentially reduce parts count of compressors and turbines. It is for this very reason why the CRDE is also called a pressure-gain combustor (PGC). At the more fundamental level, detonation is thermodynamically superior to deflagration because after combustion the entropy rise for a given heat input is lower for detonation than for deflagration. As in any heat engine, lower entropy rise leads to higher thermal efficiency, the intrinsic thermodynamic advantage of the CRDE.
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The paper starts with a survey of the past and recent progress made by many in developing the CRDE technology. With an aim to contribute to advancing further the CRDE technology, in this paper we present the design and experiments of a 14 cm diameter CRDE built and tested at the University of Washington (UW). The UW CRDE has two unique features: (1) direct detonation initiation by a spinning wave generator and (2) regulation of the mixing zone by modulated mixing of fuel/oxidizer. Phased sparking sequence to generate two waves
The spinning wave generator employs twelve (12) circumferentially phased spark plugs, whose spark frequency and phase lag can be adjusted in such a way to generate waves of a given number and frequency that spin in the specified circumferential direction, e.g. two waves spinning in the counterclockwise direction, Figure 1 (a). The spinning wave generator, whose installation in the CRDE is shown in Figure 1 . 1986 ), which enable governing the axial positioning of the detonation zone. In the tests reported here, H 2 and O 2 are used as fuel and oxidizer. The injector hole diameters for H 2 measure 1.3 mm, for O 2 1.8 mm, and the number of holes is 24 for each. The average radius of the CRDE is 7.14 cm, annular height 1 cm, and axial length 14 cm.
To avoid design complexity related to the cooling, the UW CRDE is uncooled at present, which limits the test duration to less than two seconds. Stainless steel is used as a heat sink for the structural integrity. Due to the physical constraints imposed by the available infrastructure, the tests were conducted in a closed facility, which inhibits direct flow visualization of the exhaust flow. To compensate this, flow visualization tests of the spark-generated flow were conducted in a separate cold rig, which was operated in open air without burning. Figure 3 shows the cold rig and a hemispherical shock wave generated by sparks. The full functionality of the wave generator was also confirmed in the cold rig.
The flow system for the detonation test involved source tanks for the H2, O2, and inert purge N2. The source for each of the gases was provided by pressurized gas tanks. To prevent potential back-flash, the manifold pressure is maintained to be sufficiently high. When the CRDE was tested with O2 and H2, it was confirmed repeatedly and consistently that spinning the wave generator can initiate detonation waves to spin in the specified direction. Once the wave is thus initiated, even after the spinning wave generator is turned off, the detonation waves self-sustain its spin until the end of the tests. 
To the extent that we can ascertain, the direction of the spin remains the same as the one initially specified and no reversal of the spin as reported by Russo (AFIT thesis 2011) was detected so far. Examples of the time signal measured by PCB probes and its frequency spectrum for two detonation waves with a spiky peak around 9 kHz are shown by Figure 4 .
The peak corresponds to the detonation speed of 1700 m/s. The parametric effect of the mass flow rate and the equivalence ratio on the detonation speed was obtained preliminarily. The wave number increases as the mass flow increases, consistent with others. What was unexpected is that as long as the mass flow is in such a range as corresponding to a specified wave number, say 2-waves with 9 kHz peak frequency, even when the spinning wave generator is set at other wave numbers and different frequency, the detonation waves spontaneously settle down to 2-waves with 9 kHz. From this, it appears that what the spinning wave generator really does for detonation-initiation is to provide a pool of free radicals necessary to set off chain-reaction of H2 and O2 by the propagation of spark-generated hemispherical shock waves of Figure 3 . It is planned to investigate this prospect further by de-activating some spark plugs.
Preliminary results showed that the modulated mixing appears to be in effect to control the detonation zone location downstream of the spark plugs and as the mass flow rate increases, its position seems to shift progressively further downstream. Although the outer wall of the CRDE becomes extremely hot even after 1 sec of operation, the wall temperature in the spark plug region remains colder to the touch. The position and extent of the detonation zone is now under investigation.
To summarize, our paper presents (1) the functionality of the spinning wave generator to initiate the direct initiation of detonation waves without pre-detonator, and (2) effectiveness of the counter-flow radial injection through reduced number of small holes to regulate the detonation zone location. 
